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26 Abstract

27  During subarachnoid haemorrhage, a blood clot forms in the subarachnoid space releasing
28  extracellular haemoglobin (Hb), which causes oxidative damage and cell death in

29  surrounding tissues. High rates of disability and cognitive decline in SAH survivors is

30 attributed to loss of neurons and functional connections during secondary brain injury.

31 Haptoglobin sequesters Hb for clearance, but this scavenging system is overwhelmed after a
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32  haemorrhage. Whilst exogenous haptoglobin application can attenuate cytotoxicity of Hb in
33 vitro and in vivo, the functional effects of sub-lethal Hb concentrations on surviving neurons
34  and whether cellular function can be protected with haptoglobin treatment remain unclear.
35 Here we use cultured neurons to investigate neuronal health and function across a range of
36  Hb concentrations to establish the thresholds for cellular damage and investigate synaptic
37  function. Hb impairs ATP concentrations and cytoskeletal structure. At clinically relevant but
38 sublethal Hb concentrations, synaptic AMPAR-driven currents are reduced, accompanied by
39 areduction in GIuAl subunit expression. Haptoglobin co-application can prevent these

40  deficits by scavenging free Hb to reduce it to sub-threshold concentrations and does not

41  need to be present at stoichiometric amounts to achieve efficacy. Haptoglobin itself does
42  not impair measures of neuronal health and function at any concentration tested. Our data
43  highlight a role for Hb in modifying synaptic function after SAH, which may link to impaired
44  cognition or plasticity, and support the development of haptoglobin as a therapy for

45  subarachnoid haemorrhage.

46
47

48

49  Keywords
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51

52 Introduction

53  Subarachnoid haemorrhage (SAH) causes irreversible damage to brain tissues both during

54  the acute phase and in secondary brain injury (SBI), leading to a high fatality rate of 30-40%
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55 [1,2] and significant disability in many survivors [3,4]. Raised intracranial pressure, oedema,
56  inflammation and vasospasm lead to acute and delayed ischaemic damage, and are targeted
57 by limited treatment options [4—7]. At the site of the haematoma, red blood cells (RBCs)
58 begin to lyse within a few days, releasing their contents and leading to the accumulation of
59 cell-free haemoglobin (Hb) in the cerebrospinal fluid (CSF). The Hb tetramer degrades into
60 Hb dimers, hemichromes and eventually haem and free iron. Iron-containing products
61 permeate into tissues, exposing neurons and other cells to oxidative stress [8]. Hb
62  breakdown products such as met-Hb and haem can also directly activate inflammatory
63  pathways, exacerbating damage and further contributing to SBI [9,10]. Hb and iron toxicity
64  significantly contribute towards development of vasospasm and SBI [11-13], but are not
65  currently clinically targeted.

66

67 It is well known that cell-free Hb leads to neuronal cell death in vitro [14-16] and in vivo
68 [17,18] with key mediators being oxidative stress and ferroptosis caused by redox-active
69 haem and iron, released from Hb [19,20]. More recently, research has suggested functional
70  changes to neurons after exposure to Hb, such as reductions in synaptic anchoring proteins,
71  neuroligins and neurexins [21] leading to reduced formation of excitatory synapses. The
72 pre-synaptic marker synaptophysin and post-synaptic protein PSD-95 were downregulated
73 in a mouse model of prolonged Hb exposure in ventricular and subarachnoid spaces [22]. In
74  two rat blood injection models of SAH these biochemical changes were accompanied by
75  cognitive deficits, indicating neurotransmission may be altered [23]. Further evidence shows
76  that long-term potentiation (LTP), the synapse-strengthening process thought to underlie
77  learning and memory [24], was impaired in a rat pre-chiasmatic injection model of SAH [25].

78 Hb-mediated impairments in synaptic plasticity as suggested by rodent studies may help
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79  explain poor rates of recovery seen in SAH, in addition to cognitive changes that affect
80  quality of life in survivors [26,27]. Despite strong evidence linking Hb accumulation and iron
81 deposition in the brain to neurodegeneration, both in SAH and a number of other
82  neurodegenerative diseases [28-31], functional data on neuronal activity in the presence of
83  Hbis limited.
84
85  Free Hb measured in the CSF after SAH is highly variable and peaks on average around 10
86  uM [13,22]. This peak typically occurs between day 10-12 after the onset thus presenting a
87  wide therapeutic window for clinical intervention targeting Hb neurotoxicity. Haptoglobin
88  (Hp) functions as an effective Hb scavenger by binding irreversibly to Hp and preventing
89  haem release. Hp is typically present in blood plasma within the range of 0.3-3mg/ml [32—
90  34]. However, the large multimeric Hp proteins do not easily cross the blood-brain barrier
91 and hence the concentration of Hp is much lower in the central nervous system compared
92  to the systemic circulation [34], and Hp is rapidly depleted in the cerebrospinal fluid (CSF)
93  after SAH [13]. Enhancing the CSF concentration of Hp in vivo can protect against cell loss,
94  synaptic marker alteration, associated behavioural deficits [22] and vasospasm [12,22,35].
95  Furthermore, Hp administration has been used in clinical trials to prevent Hb-mediated
96 kidney damage in sickle-cell anaemia and blood transfusion without significant adverse
97  effects [36,37], indicating good peripheral tolerance.
98
99 Here we build on this knowledge by investigating the functional effects of persistent Hb
100 exposure in neurons, measuring neuronal health and synaptic activity to understand the
101  effects of clinically relevant Hb concentrations in the brain and how this may impact

102  secondary brain injury after SAH. CSF analyses show that neurons experience extended


https://doi.org/10.1101/2023.01.25.525148
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.25.525148; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

103  exposure to 10 pM or more free Hb after SAH [13,22] and the composition of Hb species
104  changes within the first days and weeks after SAH due to the conversion of Hb to met-Hb,
105  further degradation, and dissociation into haem and free iron. This can be measured in vivo
106  based on the paramagnetic properties of oxy-Hb, deoxy-Hb and met-Hb using magnetic
107 resonance imaging (MRI), such that the composition of the blood clot appears distinctly
108 different at SAH onset and in the days and weeks that follow [38,39]. Research has shown a
109 delay in the onset of Hb-mediated cell death in neuronal culture, with cell loss starting 8
110  hours after application [14] suggesting that breakdown of Hb is likely implicated in its
111  pathogenic effects. Whilst the exact timeline of Hb catabolism is uncertain in the brain
112  environment, we chose to measure function of cells vitro after 48 hours and one week of Hb
113  application, based on key changes to Hb composition assessed by neuroimaging.

114

115  We also studied the potential of Hp to prevent Hb-induced deficits, while considering the
116  practical difficulties of the therapeutic agent reaching the location of haematoma and
117  interstitial free Hb in a clinical setting. For example, is not likely possible to fully perfuse all
118  CSF spaces with Hp after SAH, due to density of the haematoma in some places interfering
119  with CSF flow [40]. High variability of free Hb concentration seen in patients after SAH will
120 also be affected by the bleed volume, location and other factors [13], so accurately
121  predicting Hb content and scavenging all free Hb is difficult. Additionally, not all free Hb is
122 able to be bound by Hp in vivo: whilst the majority of Hb can be scavenged by Hp, there is a
123 fraction of Hb that cannot be bound due to structural changes related to degradation or
124  oxidative stress [22]. Hb permeates the outer cortex, as evidenced by an inward diminishing
125 gradient of iron deposition after SAH [41], and it may be hard for a therapeutic agent

126  delivered in the CSF space to reach the outer cortex in areas with closely apposed blood
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127  clot. Finally, the CSF is a purposely low protein fluid [42] and high CSF protein content is
128  associated with poor outcome after SAH [43], which limits the amount of protein which can
129  be administered intrathecally. For all these reasons, we investigated a partial, rather than
130  stoichiometric, scavenging of free Hb by Hp, to understand the threshold of free Hb that is
131  tolerated by neurons. Ultimately this will improve understanding of the effects of Hb on
132  neuronal function and add to the body of knowledge needed to develop Hp as a clinical
133 therapeutic in SAH.

134

135  Materials and Methods

136 Haemolysate preparation

137 Human blood was obtained from human volunteers after informed consent (National
138  Research Ethics Service approval 11/SC/0204 and institutional research ethics approval
139 ERGO 41084.A1). Whole blood was collected in heparin tubes (BD, UK) and transferred to a
140  centrifuge tube onto a layer of histopaque-1077 (Sigma-Aldrich, roughly 30% of final
141 volume). The tube was centrifuged at 900G for 15 minutes and top layers removed, leaving
142  the lower fraction containing red blood cells (RBCs). RBCs were washed with sterile
143  Dulbecco’s phosphate buffered saline to remove other cells and plasma until supernatant
144  was clear and colourless, before lysing with sterile distilled water. Following centrifugation
145 at 13,000rpm for 30 minutes to remove ghost membranes, supernatant was removed,
146  passed through a 15 um filter and analysed with a bicinchoninic acid assay (Pierce™1) to
147  determine protein concentration before storage at -80°C. Spectrophotometry was carried
148 out on each batch before use to determine the haemoglobin species composition,

149  comprising on average 79.8 = 1.4% oxyhaemoglobin, 13.2 + 1.3% deoxyhaemoglobin and 7.0
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150 + 2.0% methaemoglobin [44]. Haemolysate (HL) concentration is expressed throughout as a
151  concentration of dimers, hence 10 uM HL is equivalent to 20 uM of iron-containing haem.

152

153  Source of haptoglobin and scavenging analyses

154  Hp was prepared by Bio Products Laboratory Ltd from pooled human blood plasma,

155  enriched for Hp1 dimer. Hp was dialysed with a molecular cut off of 14 kDa and endotoxin
156  content was measured at <0.02 E.U./ml. Hp molar concentration refers to a weighted

157  average molecular weight of monomers, in the purified mixture of Hp1 and Hp2.

158 To determine rate of free Hb scavenging, a fixed amount of HL was incubated with

159  increasing amounts of Hp for 16 hours at room temperature, and 2 ug of Hb from each mix
160 separated on a non-denaturing 8% polyacrylamide gel. Hb band density was analysed

161  against a HL-only control lane within each gel to quantify the percentage of unbound Hb for
162  each incubation ratio. A binding curve from three gel repeats was used to estimate the
163  concentration of free Hb in treatment groups with co-application of Hp throughout

164  experiments.

165

166  Primary neuron cultures

167  C57/BL6 mice of either sex (Charles River, bred in-house under a 12/12 hr light/dark cycle at
168  21°C) were culled on the day of birth (PO) and brains dissected in Dulbecco’s PBS without
169  calcium or magnesium (Gibco). Hippocampi were isolated and dissociated with papain
170  before seeding onto poly-D-lysine coated glass coverslips at 1,000 cells/mm?. Cells were
171  incubated with Neurobasal Medium (Gibco) supplemented with 1% Glutamax-l and 2% B27,
172  incubated at 37°C with 5% CO,. A full media change was carried out at DIV7 and HL and/or

173  Hp applied after randomised allocation to culture wells alongside a media volume top-up at
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174  DIV14. Treatment groups were blinded until raw data analysis was complete for each
175  experiment.

176

177 ATP Assay

178  Primary cultures were washed once with supplemented Neurobasal Medium and then fresh
179  medium applied, with an equal volume of reaction mixture from the CellTitre Glo assay kit
180 (Promega) at room temperature to measure adenosine triphosphate (ATP) levels. The kit
181  was used as per manufacturer instructions: plates were mixed using an orbital shaker for 2
182  minutes, incubated for a further 8 minutes before 200 pl of mixture was pipetted in
183  triplicates into 96-well plates for measurement of luminescence, using a Promega Glo-
184  Max®-Multi Microplate reader. Background luminescence was measured and subtracted
185 from readings using a control of culture medium without cells, and results were unblinded
186  and normalised to vehicle-treated cells within cultures.

187

188  Immunofluorescent staining and microscopy

189  Neuron cultures were fixed at DIV21 with 4% paraformaldehyde, permeabilised with 0.1%
190  Triton-X100 and washed in tris-buffered saline. Cells were blocked using goat serum and
191  stained with anti-tubulin 1:400 (Cell Signalling 2128) followed by Alexa Fluor secondary
192  antibodies at 1:1000 in 2% goat serum. Coverslips were mounted onto microscope slides
193  using mounting medium containing 4B,6-diamidino-2-phenylindole (DAPI) (Fluoroshield
194  ab104139, Abcam) and imaged using an Olympus IX83 inverted microscope with a 40X air
195  objective, Intensilight CHGFI metal halide light source (Nikon) and Optimos sCMOS camera
196  (photometrics, USA). Images were acquired using Cellsens software and processed by

197  background subtraction using a radius of 50 pixels and overlaid using FlJI software [45].


https://doi.org/10.1101/2023.01.25.525148
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.25.525148; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

198 Treatment groups were blinded from the point of treatment application until image
199  processing was completed, and fields of view were chosen using DAPI channel.

200

201  Patch clamp electrophysiology

202  Cells were used for patch clamp electrophysiology at DIV21 * 1. Recordings were low-pass
203  filtered at 5 kHz using an Axopatch 200B amplifier and acquired at 20 kHz using a National
204  Instruments board analog to digital converter. Matlab software (Mathworks, Natick, U.S.A.),
205 custom software (Ginj2.0, Hugh P.C. Robinson) and WiInEDR software (Strathclyde) were
206  used for data acquisition. Borosilicate glass micropipettes were pulled to a resistance of 5-7
207 MQ and filled with intracellular solution containing, in mM, 125 potassium gluconate, 10
208  KCl, 10 HEPES, 10 Phosphocreatine, 0.4 GTP, 4 Mg-ATP and pH balanced to 7.3 using KOH.
209  Recordings were made in artificial CSF containing, in mM, 126 sodium chloride, 2 calcium
210 dichloride, 10 glucose, 2 MgS0,, 3 potassium chloride and 26.4 sodium carbonate. The liquid
211 junction potential of -12.5 mV was not corrected for. Artificial CSF was bubbled with 95%
212 oxygen, 5% CO, throughout and maintained at 25 £ 1°C.

213  Passive membrane properties were measured using voltage-clamp, and cells excluded if the
214  input resistance exceeded 1 GQ indicating non-pyramidal cells [46-48], or if series
215  resistance exceeded 30 MQ. The first 3 recorded cells to meet these criteria in each repeat
216  were included for further analysis. Active membrane properties were measured using a
217  current-step injection stimulus in bridge-compensated current clamp (see Figure 3), and
218  current injection to maintain cells at -70 mV. Evoked EPSPs were recorded from connected
219  pairs of cells. A positive current injection of 500-1000 pA with duration 6 msec was applied
220 to induce a single action potential and measure a postsynaptic response repeated at 0.14

221  Hz. Evoked excitatory postsynaptic potentials (EPSCs) were recorded in the same manner,
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222 with the postsynaptic cell in bridge mode. Paired-pulse ratio was measured from EPSCs with
223 a 50 msec interval between presynaptic stimulations. Miniature EPSCs (mEPSCs) were
224 recorded at -70 mV using a Cs-gluconate based intracellular solution containing, in mM,
225  gluconic acid 70, caesium chloride 10, sodium chloride 5, BAPTA 10, HEPES 10, QX-314 10,
226 GTP-NaCl 0.3, ATP-Mg 4 and adjusted to pH 7.3 using 1M CsOH. Artificial CSF contained 500
227  nM tetrodotoxin and 1 pM SR-95531. The liquid junction potential for Cs-gluconate solution
228  of -12 mV was not corrected for.

229

230  Polyacrylamide gel electrophoresis

231  Protein lysates were collected at DIV21 for Western blotting and separated in 7% sodium
232  dodecyl sulfate polyacrylamide gels using electrophoresis. Proteins were transferred to
233 nitrocellulose membranes and stained using anti-GluAl antibody (13185, Cell Signalling)
234 secondary antibody & imaged using an infrared scanner (Odyssey®, LI-COR Biosciences). Blot
235  quantification was carried out using ImageStudio software (LI-COR). For Hb-Hp binding
236  experiments, a fixed amount of Hb was incubated with varying Hp at room temperature
237  overnight and the resulting mixtures separated using non-denaturing 8% polyacrylamide gel
238  electrophoresis before staining with Coomassie, loading 2 pg of Hb per lane. Gels were de-
239  stained in 10% methanol with 7% glacial acetic acid overnight, imaged and quantified
240  against a control lane containing 2 pg of unbound Hb within each gel.

241
242  Data analysis
243 mEPSC recordings were analysed with Eventer software (A. Penn, University of Sussex [49])

244  with a low-pass filter of 1000 Hz. A machine-learning model was trained using

245  approximately 2500 mEPSC events across all treatment conditions, detected using the
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246  Pearson method with a threshold of 4 standard deviations of the noise. Training took place
247 by manually accepting or rejecting events based on appropriate rise and decay kinetics. The
248 model was then employed to detect events automatically in each mEPSC recording and
249  report the inter-event interval and peak amplitude of the first 500 events per cell. Intrinsic
250 membrane properties and evoked EPSP and EPSC amplitude were analysed from raw data
251  using custom-written Matlab code. Evoked currents and potentials were averaged from 50-
252 100 repeats per cell, 3 cells per independent neuron culture with automatic event onset
253  detection. Paired-pulse ratio was measured as the ratio between median average values for
254  each EPSC from 50-100 repeats per cell. All statistical analyses were performed in GraphPad
255  Prism V9 (GraphPad Software, CA, USA) using a two-way repeated measures ANOVA with
256  matching within cultures and Dunnett’s post-hoc corrections. We did not assume data
257  sphericity in experiments where data was normalised within each culture, and epsilon (1) is
258 reported when the Geisser-Greenhouse correction has been applied in these analyses. Data
259  arerepresented as mean + SEM.

260

261 Results

262  Haemolysate disrupts ATP levels and neurite structure in vitro

263  To firstly characterise the threshold for neuronal damage by Hb in our neuronal culture
264  system we applied increasing concentrations of HL prepared from human RBCs to
265  hippocampal neuronal cultures at DIV14 and we measured ATP concentration in the lysed
266  cell population using the luciferase-based CellTitre Glo assay. HL application started at 10
267  pM of Hb dimer as measured in human CSF after SAH [22], and was applied up to 200 pM.

268 We observed a dose-dependent reduction in ATP starting at 50 uM HL at 48 hours
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269  (F(2.4,23.6)=520.8, "= 0.48, p<0.0001, Figure 1A), and starting at 20 uM after one week of
270  HL application (F(2.5,29.9)=713.6, 1 = 0.5, p<0.0001, Figure 1B). To assess neurite structure,
271  we imaged neurons using immunofluorescent staining of B-tubulin and DAPI. At all
272 concentrations of HL used, neurite beading indicative of microtubule structure disruption
273  was observed after a one week incubation, which worsened with increasing concentration
274 of HL (Figure 1C).

275

276  Haemolysate neurotoxicity can be prevented with haptoglobin

277  To determine if Hp can prevent HL-induced toxicity, we co-applied Hp with HL to cells for
278 one week and repeated ATP measurements. Hp alone at 30 uM appeared to show an
279 increase in ATP (F(2.58,25.8)=40.4, "= 0.51, p<0.0001, Figure 2A) but all other
280  concentrations up to 120 pM were not different compared to vehicle conditions indicating
281 that Hp does not reduce ATP levels in neuronal cell cultures even at very high
282  concentrations.

283

284  Next, we investigated whether partial scavenging was sufficient to protect from
285  neurotoxicity by binding one-third of free Hb with exogenously co-applied Hp. We measured
286  ATP levels after co-applying Hp with HL for one week, and found that scavenging 34 + 3.6 %
287  of free Hb, reducing free Hb from 20 to 13.2 + 0.7 uM, was sufficient to prevent an ATP
288  deficit (F(1.2, 9.7)=12.4, [ = 0.61, p=0.004, Figure 2B). We further investigated 50 uM HL
289  with increasing Hp concentrations, and found that the ATP deficit was not prevented by
290 scavenging one-third of free Hb, but could only be prevented when the majority of free Hb
291  was bound by Hp (F2.2,43.8)=124.9, (7 = 0.44, p<0.0001, Figure 2C). These data suggest

292  that Hp can prevent ATP deficits in neuron cultures at high concentrations of Hb, by
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293  scavenging free Hb to sub-lethal levels. The threshold for a Hb-induced ATP deficit appeared
294  to lie between 13.2-20 uM free Hb. Staining of B-tubulin in the same neuronal cultures after
295  incubation with 50 uM HL and co-application of Hp showed neurite beading in all conditions
296  with free Hb, and microtubules were restored to vehicle morphology under conditions of
297  full Hb scavenging (Figure 2D).

298

299  Sublethal haemolysate does not alter intrinsic membrane properties of neurons
300 Previous data had shown that free Hb perturbs the resting membrane potential of neurons
301 [50] and these effects may be driven by changes in neuronal excitability or ongoing synaptic
302 activity. To investigate the functional effects of HL on the excitability of neuronal cultures
303 we measured intrinsic membrane properties of neurons at DIV21 +1 in whole-cell patch
304 clamp electrophysiology, after a one week exposure to HL or Hp in culture medium. 10 uM
305 Hb, which has been measured as the average peak in human CSF after SAH [22] does not
306 appear to cause an ATP deficit and was therefore used as a clinically relevant yet sublethal
307 HL insult for electrophysiological studies. As such we could use visualised patch clamp to
308 record from neurons randomly selected from a large population. Since scavenging one-third
309 of free Hb restored ATP deficits using 20 uM HL, we employed the same scavenging ratio
310 when co-applying Hp to 20 uM HL for electrophysiology, reducing the free Hb concentration
311  in culture medium from 10 uM to approximately 6.4 + 0.4 pM.

312

313 We found no effect of treatment on the resting membrane potential of neurons (F(3,
314  54)=0.2451, p=0.86) or input resistance (F(3, 54)=1.34, p=0.27 (Figure 3A-B). Next, we used
315 current clamp to apply a current injection stimulus to the cells and analysed the rheobase

316  (F(3, 54)=1.08, p=0.36, Figure 3C-D). Finally, we quantified the number of action potentials
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317 fired at each current injection step (Figure 3E), and there was no effect of treatment (action
318  potential number: F(3, 15)=0.52, p=0.68, maximum frequency: F(3, 15)=0.85, p=0.49). The
319 same membrane properties were also measured at 48 hours of exposure to HL or Hp, with
320 no effect of treatment across all analyses (data not shown).

321  Our data indicate that cultured neurons can maintain their intrinsic membrane properties
322  throughout a one-week exposure to 10 uM HL. This corroborates the finding that there is no
323  disturbance to ATP levels in these cultures at this concentration.

324

325 10 uM HL reduces AMPA receptor-mediated synaptic currents

326  We investigated synaptic function in neurons exposed to HL by measuring mEPSCs. These
327  currents represent the activation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
328 (AMPA) receptors due to spontaneous fusion of presynaptic vesicles and glutamate release.
329  There was no change in frequency of mEPSCs (treatment effect F(3,54)=1.98, p=0.13, Figure
330  4B), but we observed a reduction in amplitude in the presence of HL compared to vehicle
331  (F(3,54)=4.99, p=0.004, HL vs vehicle p=0.001, Figure 4C) which was not observed with Hp
332  co-application {p=0.18, Figure 4C).

333

334  Next, we quantified unitary EPSPs in connected cell pairs. After a one week exposure to 10
335  pM HL, the EPSP amplitude was significantly decreased (F(3,24)=3.54, p=0.03, HL vs vehicle
336 p=0.01, Figure 4D-E) and this effect was prevented when Hp was co-applied to reduce free
337  Hb (vehicle vs HL + Hp: p=0.15). We also quantified the unitary EPSC, which showed a similar
338  reduction in amplitude in the presence of HL (F(3,24)=3.41, p=0.034, HL vs vehicle p=0.015)

339  but not when Hp was also present (p=0.16, Figure 4G). The paired-pulse ratio was not


https://doi.org/10.1101/2023.01.25.525148
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.25.525148; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

340 different across conditions (F(3,24)=0.48, p=0.70), nor was the failure rate {vehicle: 3.39 #
341  2.2%,HL3.5+2.7 %, treatment effect F(3,24)=1.57, p=0.22).

342

343  When HL and Hp were co-applied, AMPAR currents were not significantly different to HL
344  alone, but were not different from vehicle conditions either. This indicates Hp was providing
345  a partial rescue of synaptic AMPAR currents. To ensure Hp was not suppressing AMPAR-
346  mediated currents, we measured evoked EPSP and EPSC amplitude at a higher
347  concentration of 24 uM Hp and found no difference to vehicle (EPSP amplitude: vehicle 1.93
348 £ 0.34 mV, Hp 24 uM 2.47 + 0.59 mV, p=0.48. EPSC current: vehicle 42.6 + 11.7 pA, Hp 24
349  pM 41.3 £15.2 pA, p=0.95. N = 3 pairs).

350

351  10uM haemolysate reduces GIuA1l expression

352  To assess if the protein levels of one of the major subunit components of AMPA receptors,
353  GluAl, is affected by HL exposure we prepared protein lysates from cell cultures at DIV21
354  after one week of incubation with 10 pM HL with or without Hp, and separated using SDS-
355 PAGE and Western blotting. Membranes were probed for GIuAl and normalised to B-
356  tubulin. We found a reduction in GIuA1 expression in cells exposed to HL (F(3,12)=5.12, p<
357  0.05, HL Vs Vehicle p<0.05) but not when Hp was co-applied (p=0.20, Figure 5B) indicating
358 downregulation of GIuAl protein in the presence of unbound Hb.

359

360

361 Discussion
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362 We investigated the effects of Hb at concentrations relevant for SAH on neuronal health and
363  synaptic activity and determined whether partially scavenging free Hb can prevent
364 functional deficits in neurons. SAH features a complex variety of pathological mechanisms
365 contributing to acute damage and secondary brain injury, which have been extensively
366 reviewed [51-54]. Hb accumulation in the subarachnoid space through haemolysis exposes
367 neurons to an average peak of 10 uM Hb in CSF, and possibly higher concentrations at the
368  site of the haematoma. This Hb peak occurs at between 10-12 days after SAH onset, as seen
369 in human CSF analyses [13,22]. CSF concentrations of Hb have been proposed as a
370 diagnostic marker for SBI, with a proposed threshold of 7.1 uM of tetrameric Hb [13],
371  equivalent to 14.2 uM of Hb dimer, hence similar to the present study. In another study, the
372 average Hb peak concentration in CSF was higher in patients who developed delayed
373  ischaemic neurological deficits (10uM) than those who did not (6 uM) [55]. This evidence
374  suggests that the level of CSF Hb is directly linked to SBI and hence poor recovery after SAH.
375  Scavenging Hb to reduce its concentration in the brain has potential as a therapeutic
376 intervention, and there is generous timeframe to intervene.

377

378 To first characterise the threshold of free Hb that causes damage within our neuronal
379  culture model, we measured ATP levels in the presence of Hb for up to one week. We found
380 that the threshold for damage measured as an ATP deficit at 48 hours (50 uM) was higher
381 than that at one week (20 uM), suggesting Hb neurotoxicity occurs progressively as
382  previously suggested [16] and impairs ATP levels. This may occur through suppression of
383  metabolic processes or loss of cells. Primary hippocampal cultures contain glial cells unless
384  treated with cell cycle inhibitors [56,57], which provide trophic support and may contribute

385 to ATP levels in these assays. However, evidence suggests that neurons are more vulnerable
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386 to Hb-mediated cell loss than glia, as in co-culture models glial cells and oligodendrocytes
387 appear unaffected by Hb exposure at similar concentrations [14,15,58]. We cannot exclude
388  effects of HL on glia, or of glial cell contribution to ATP levels and therefore to identify
389  neuron-specific effects of Hb we immunostained cultured cells for B-tubulin to identify
390 neurites. We observed neurite beading, indicative of cytoskeletal breakdown such as that
391 seenin Wallerian degeneration [59] that worsened with increasing concentration of Hb. This
392  occurred even at 10 uM free Hb, where an ATP deficit was not observed, suggesting that
393  microtubule degradation may occur prior to loss of cells or metabolic deficit. Along the
394  same lines, degeneration of axons was seen after SAH in humans, as reflected by elevations
395 in CSF neurofilament-light level [22,60,61], long considered a key marker of
396 neurodegeneration, and this correlated with preceding CSF Hb concentration [22,62].

397

398 We next investigated the potential of purified human Hp to protect from Hb-mediated
399 damage, by co-incubating cell cultures with HL and Hp for one week. The differential
400 efficacy of Hp genotypes in scavenging Hb from the brain and outcome after SAH has been
401 reviewed previously [63—65] with a general theme that the presence of Hpl is beneficial.
402  Hpl-1 and Hp1-2 genotypes cluster closely as having better neuroprotective qualities than
403  Hp2-2. In this study we have used Hp from pooled human blood plasma, containing both
404  isoforms but enriched for Hp1 protein, containing approximately 60% Hp1-1 dimer.

405

406  We considered the logistics of Hp infusion into the subarachnoid space containing a peak
407  CSF concentration of 10 uM Hb. Under these conditions, if one aims to bind all free Hb
408 based on an average molecular weight for Hp monomers of 52.18 kDa within the Hp

409  preparation used in this study, a CSF Hp concentration of 0.522g/L would need to be
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410 achieved. Protein levels in the CSF in healthy individuals vary in the range 0.3-0.4 g/L
411  [66,67], increasing to 0.7-0.8 g/L after SAH [68]. There is an association between high CSF
412  protein and poor outcome after SAH, linked to higher rates of SBI [43]. We therefore aimed
413  to model a sub-stoichiometric, or partial scavenge, of free Hb in vitro, to recapitulate the
414  likely situation in vivo more realistically. As discussed in the introduction, a partial scavenge
415  is more likely to be achievable in a clinical setting due to variable factors in bleed volume
416  and hence Hb concentration, density of the haematoma and modifications to Hb over time
417  making it unable to be bound by Hp [13,22,40].

418

419  One previous report suggests that Hp (also from Bio Products Laboratory) can enhance Hb-
420  mediated neuronal cell loss [69], whilst another study showed that the same Hp formulation
421  can prevent Hb toxicity in cultured neurons [22]. To investigate the possibility of Hp being
422  toxic in itself, we tested Hp alone up to high concentration of 120 uM and found no
423  impairment of ATP levels, in fact a small increase in ATP was found when 30 uM Hp was
424  applied for one week. After applying HL with or without Hp, we found that ATP levels were
425  restored to vehicle once free Hb was reduced to 13.2 + 0.7 uM or less, regardless of
426  whether 20 or 50 pM HL had been applied. In microtubule microscopy, complete binding of
427  all free Hb showed a full restoration of neurite integrity, so that even 50 uM of Hb once in
428 complex with Hp was no longer damaging to the cells. In conclusion, free Hb must be
429  reduced to sub-lethal levels of between 13.2-20 uM to prevent neuronal damage as
430 indicated by ATP deficits within our culture system, and this can be achieved using Hp.
431  Furthermore, Hp prevents Hb-induced ATP or microtubule impairment. Our results agree
432  with the recent publication by Garland and colleagues demonstrating that Hp can prevent,

433 rather than enhance, Hb-mediated toxicity [22].
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434

435 Next, we measured the function of neurons in the presence of sub-lethal Hb. Previous
436  research suggested that Hb can alter membrane potential [50], however the data was
437  collected at a significantly higher concentration of 0.1 mM Hb, equivalent to 200 uM Hb
438  dimer — a concentration that induced significant loss of ATP in our cultures. We intended to
439  study the effects of one week exposure to sub-lethal Hb, hence we applied HL at 10 uM
440  which did not result in an ATP deficit in our system and measured intrinsic membrane
441  properties. We found no change to the resting membrane potential, input resistance or
442  ability and frequency of firing action potentials when HL was applied for up to one week,
443  with or without Hp. This data suggests that cultured neurons can maintain their membrane
444 properties in the presence of 10 uM of free Hb. Maintaining a resting membrane potential
445  around -70 mV in neurons is an active process, as ATP is required to power the sodium
446  potassium exchange pump and preserve the correct electrochemical gradients across the
447  cell membrane [70]. Input resistance is affected by a number of factors including the
448  presence of K* leak channels, open synaptic receptor channels and the surface area of cell
449  membrane [71,72], and affects the excitability of the neuron [73,74]. Correct membrane
450 potential and input resistance will affect the level of stimuli required to elicit an action
451  potential, and are necessary to keep neurons at an optimal excitability within the neuronal
452  network. These measures, in addition to rheobase and action potential number, were
453  unchanged by 10 uM HL. We can conclude from this data that basal membrane properties
454  and neuron excitability are normal in the presence of 10 uM HL, which correlates with a
455  preservation of normal ATP levels under these conditions.

456
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457  We also studied neurotransmission in neuron cultures, especially since prior evidence
458  showed biochemical changes in synaptic composition [21,22,75] and cognitive impairment
459  after SAH [25,26,76]. We focused on AMPA glutamate receptors, as much of the fast
460  excitatory neurotransmission in the hippocampus is mediated by these tetrameric
461  ionotropic receptors. Rapid depolarisation through AMPARs is typically required to enable
462  action potential firing, following a summated postsynaptic response. We found a reduction
463  in the amplitude of mEPSCs, evoked EPSPs and EPSCs after HL incubation, which provides
464  strong evidence for a reduction in the number of AMPA receptors at the postsynaptic site of
465  recorded neurons. Using Western blotting we also observed a reduction in GIuA1 subunit
466  expression in cell cultures, similar to previous research [75]. GluAl is present in the majority
467 of AMPA receptors in the hippocampus [77-79] and as such, a reduction in expression is
468 likely to at least partially explain the reduction in amplitude of excitatory currents. This
469 finding is similar to that previously seen in a mouse model of early Alzheimer’s disease [80],
470 indicating shared features of AMPAR downregulation in neurodegeneration.

471

472  Previous research suggests that Hb can also potentiate the excitotoxic effects of other
473  molecules, such as in the presence of excess neurotransmitters [81]. Glutamate-mediated
474  neurotoxicity has been implicated in ischaemic and haemorrhagic stroke [53,82,83] and
475  lesions in SAH follow the functional neuroanatomy rather than vascular architecture [83].
476  lron levels after haemorrhage may play a role in this process by altering glutamate uptake
477  [84]. Excess glutamate causing excitotoxicity can drive AMPAR internalisation and
478  degradation leading to synaptic depression [70] in a homeostatic downscaling mechanism to
479  preserve neuronal excitability [85].

480
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481  Other contributing factors include alterations to receptor trafficking, which may link to the
482  degree of neurite beading observed in the presence of free Hb. Degradation of microtubules
483  within neurites will disrupt transport pathways within the cell, disturbing intracellular
484  trafficking [86]. This could impair the trafficking of newly synthesised AMPA receptors to
485  synaptic sites, which may have significant implications for synaptic plasticity. Hippocampal
486  LTP requires the insertion of AMPA receptors into the synaptic membrane [87-89], and
487  disruptions to trafficking via microtubules in addition to GluAl protein downregulation will
488 result in a lower availability of AMPA receptors available to enable long term potentiation
489  mechanisms. These mechanisms may explain the loss of hippocampal LTP in a rat model of
490  SAH [25], and since LTP is proposed to underpin many learning and memory processes [90],
491  functional recovery after SAH is also likely impaired by changes to AMPAR availability.

492

493  The reduction in AMPAR-mediated currents observed in this study occurred at sublethal
494  concentrations of free Hb which did not impair ATP or cause overt cell death, indicating that
495  neurons in brain regions exposed to low levels of Hb may be surviving but are functionally
496  impaired. Surviving cells exposed to Hb concentrations greater than 10 uM are likely to have
497  even greater impairments in AMPA receptor-driven excitation, as evidence suggests that a
498  reduction in ATP, as seen in our assays at 20 pM HL and above, leads to imbalance of Ca*,
499  Na', Ca** and Cl ions, inhibiting glutamate reuptake [82]. However, we have not measured
500 currents at greater HL concentrations using electrophysiology in this study, as visually
501 guided patch clamp would be subject to selection bias of surviving cells.

502

503  We did not find any changes to presynaptic measures, including mEPSC frequency, evoked

504  EPSP failure rate or paired-pulse facilitation. We also measured GABA, mIPSCs and found no
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505 change to frequency or amplitude (data not shown) suggesting sublethal Hb selectively
506  impairs the postsynaptic element of AMPAR-mediated excitatory neurotransmission.

507

508 Throughout our data on AMPA receptor-mediated transmission deficits, we have seen that
509 partially scavenging free Hb is sufficient to prevent a significant deficit. Hp binding of free
510 Hb sequesters it in large stable complexes, preventing release of haem and
511 compartmentalising the pathological species [91,92]. In this study it is likely that although
512 we have only sequestered one-third of free Hb, this is sufficient to reduce a 10 uM
513  concentration of Hb dimers to levels below the threshold for excitotoxicity or alteration to
514  synapses; this is promising for the therapeutic potential of Hp.

515

516 It is also possible that Hp in itself has beneficial effects beyond binding Hb — for example Hp
517 is well known as an anti-inflammatory protein, expressed in the acute phase response
518 [93,94]. Since Hb breakdown products can activate inflammatory pathways in SAH
519 [10,95,96] leading to activation of microglia and their conversion to harmful secretory
520 phenotypes [9,97], Hp may provide neuroprotection beyond scavenging Hb through its anti-
521  inflammatory effects. On its own, Hp did not impair ATP, and in fact a small increase in ATP
522  levels was observed in neuronal cultures when incubated at 30 uM but no change from
523  vehicle conditions was found at higher concentrations up to 120 pM. Neurite morphology
524  was not altered by Hp, nor were intrinsic membrane properties or AMPA receptor-mediated
525  excitatory currents. At the highest Hp concentration used in our study, Hp levels in culture
526  medium were significantly higher than plasma concentrations [22] or those that would be
527  delivered intrathecally for treatment of SAH, which is reassuring.

528
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529 In conclusion, we isolated Hb neurotoxicity in a neuronal culture model of SAH and
530 observed a dose-dependent impairment of ATP levels and neurite integrity upon long-term
531  exposure to Hb. Clinically relevant, sub-lethal concentrations of Hb caused downregulation
532  of AMPA receptors at the synapse, which may be due to a combination of altered protein
533  expression levels and trafficking disruption from microtubule disintegration. Partially
534  scavenging of one-third of free Hb using Hp was sufficient to restore AMPA and ATP deficits
535 at 10-20 puM of HL, and Hp itself showed no negative effects even at very high
536  concentrations. This data helps explain neurological deficits after SAH, and supports the
537 development of Hp as a therapeutic agent to reduce the impact of secondary brain injury
538  after SAH.

539

540

541 List of abbreviations

542 AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic  acid, ATP: adenosine
543  triphosphate, CSF: cerebrospinal fluid, DIV: day in vitro, EPSC: excitatory postsynaptic
544  current, EPSP: excitatory postsynaptic potential, Hb: haemoglobin, Hp: haptoglobin, mEPSC:
545  miniature excitatory postsynaptic current, RBC: red blood cell, SAH: subarachnoid
546  haemorrhage, SBI: secondary brain injury.
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Figure 1. Haemolysate impairs ATP levels and neurites in cultured neurons. Primary
hippocampal neurons were incubated with haemolysate from DIV14. A) The CellTitre Glo
assay found a reduction in ATP concentration after 48 hours and B) one week of
exposure to haemolysate. C) Immunofluorescent staining of B tubulin shows disruption
of cytoskeletal microtubules as neurite beading in the presence of haemolysate after one
week. Significance levels: ** = P<0.01, **** P<0.0001.
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Figure 2. Haptoglobin can prevent deficits in ATP and neurite structure caused by
haemolysate. A) ATP concentration in cultured neurons after one week of exposure to
haptoglobin up to 120 uM. B) ATP levels after incubation with 20 uM of HL (red bars)
and co-application of Hp to scavenge one-third of free Hb (orange). C) 50 uM HL co-
applied with increasing amounts of Hp to scavenge free Hb. D) B-tubulin staining shows
disrupted microtubule morphology after incubation with 50 uM HL and co-application
of Hp, expressed as concentration of free Hb remaining in media. Significance levels: * =
p<0.05, ** = p<0.01, **** p<0.0001.
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Figure 3. Intrinsic neuronal membrane properties are not altered by 10 pM Hb within
one week. A) Membrane potential and B) input resistance are measured upon break-in to
the cell in whole-cell patch clamp. C) A current injection stimulus in steps of 25 pAis
applied to the cell in bridge compensated current clamp. D) Rheobase measured from a
250 msec current injection in C. E) maximum number of action potentials fired and F) the
maximum spiking frequency observed at each current injection step. N = 3-5 cells per
culture, 9 cultures.
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Figure 4. Miniature excitatory postsynaptic current (mEPSC) amplitude is
reduced by a 1-week exposure to 10 pM HL. A) Sample traces showing i)
mEPSCs (scale bar 1 sec/10 pA) and ii) overlaid individual events (scale bar 10
msec/ 10 pA). B) Quantification of mEPSC frequency and C) amplitude as
cumulative frequency distribution and median value per culture. N = 3 cells per
culture, 9 cultures. Significance levels: ** p<0.01
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Figure 5. Amplitude of evoked excitatory post synaptic potentials (EPSPs) and excitatory
postsynaptic currents (EPSCs) is reduced by 10 pM HL. A) Representative mean EPSPs (scale
bar 50 sec/ 2 mV). B) Quantification of evoked EPSP amplitude. C) Paired-pulse sample trace
with inter-pulse interval of 50 msec (scale bar top: 100 msec/ 25 mV, bottom: 100 msec/ 25
pA). D) Unitary EPSC amplitude and E) Paired pulse ratio. N = 3 pairs per culture, 4 cultures.
Significance levels: ** p<0.01.
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Figure 6. Total AMPA receptor GIuR1 subunit levels are reduced in hippocampal cell
cultures by a one week incubation with HL. A) Hippocampal cell culture lysates were
prepared at DIV21 after a one week incubation with 10 uM HL or Hp and blots probed for
GIuR1 and B-tubulin. B) Quantification of GIuA1 normalised to loading control. N =3
cultures. Significance level: * p<0.05
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